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INTRODUCTION
The magnetocaloric effect is observed as a change in temperature of a magnetic material in response to magnetic field; the result of conservation of entropy. Typically large changes in entropy occur when there is a first order phase transition, and this is often found in materials that exhibit a coincident structural phase transition or volume change. Associated with these large entropy changes is hysteresis, ΔH; a property that may limit the efficiency of the refrigerative cycle. A better understanding of the metamagnetic transitions and how they may be controlled to reduce the critical field, H c , or ΔH, are important research directions. Here we relate the different nucleation and growth processes observed previously by Hall probe imaging to their manifestation in latent heat measurements. We also demonstrate that unlike previously studied systems such as CoMnSi or La(Fe,Si) 13 the latent heat magnitude does not vary significantly with the critical field.
The giant magnetocaloric effect was first reported in Gd 5 Si 2 Ge 2 in 1997 1 and explained as the result of a co-incident orthorhombic (ferromagnetic FM) to monoclinic (paramagnetic PM) structural and magnetic phase transitions. 2 For the Gd 5 Si 2 Ge 2 composition the T c is 274K. By varying the Si:Ge content, the T c can easily be tuned and the phase transition moves from first to second order as the structural phase transition disappears. 3 Studies suggest that the structural contribution to entropy change, ΔS str , is of the order of 40-60% of the total entropy change, ΔS Total . 4, 5, 6 We use here the separation of the latent heat and the heat capacity terms to probe the first order characteristics of the field driven phase transition in single crystal Gd 5 Si 2 Ge 2 with the field applied along the b-axis.
EXPERIMENT
Single-crystal samples of Gd 5 Si 2 Ge 2 were prepared as described in References [7, 8] . The orientation of the three different crystal faces was established using the back scattered Laue technique and subsequent X-ray diffractometry. The heat capacity and latent heat measurements were carried out using a Xensor Integration SiNi membrane sensor (TCG-3880), adapted for use as an insert for an Oxford Instruments 8T magnet and cryostat. The sample is typically a 50x100x100μm fragment; limited by the size of the heater region on the SiN membrane of 50x100μm.
For the heat capacity measurements, an ac current is applied to the resistive heater onto which the sample is mounted, and the corresponding temperature modulation is measured by a series of thermocouples. It has been shown that helium gas acting as a heat exchange medium is ideal for utilizing this gauge for ac calorimetry. Due to the hysteretic nature of the first order phase transition, the ac heat capacity method does not fully capture the latent heat. 9 In the single thermal length limit and treating the heater as a point source, the heat capacity C is measured from the complex voltage of the thermopile as defined in equation 1,
where P is the heater power, K is the Seebeck coefficient (dV/dT), ω is the frequency of temperature modulation (at twice the frequency of the ac current), G is the heat exchange coefficient, 11 and C includes the addenda contributions which have to be evaluated separately. 10 To measure the latent heat as a function of field at constant temperature the helium exchange gas used to set the measurement temperature is pumped out to minimize heat loss to the environment (similar to the method used for differential scanning calorimetry (DSC)). 11 The calibration is performed by comparison the voltage generated due to latent heat, V th , to the response, V cal , to an electrical pulse of known energy content, E cal .
The entropy change due to changes in the equilibrium heat capacity values, ΔS HC , is evaluated using equation 2, where T1 is a reference temperature used for integration and is defined as the temperature at which ΔS Total is zero. Note that the ± sign is dependent on whether T1 < T (+) or T1>T (-). The latent heat contribution, ΔS LH , is determined using equation 3, where ΔQ L is the total heat released by the material. As shown by , 12 the total entropy change, ΔS Total , is a sum of the two components ΔS HC and ΔS LH .
EVOLUTION OF THE PHASE TRANSITION
Before studying the microcalorimetric response it is useful to review the evolution of the phase transition in first order metamagnetic systems in general and also what we have already learnt about Gd 5 Si 2 Ge 2 in particular.
The mechanism of the field driven phase transition has been demonstrated using Hall probe imaging for several systems. 13, 14, 15 For many first order systems, the phase transition evolves via the nucleation and growth type mechanism. 16 The energy barrier associated with the first order phase transition can result in nucleation of the FM within a PM matrix, brought about by local strain fields or inhomogeneity that (locally) lowers the energy barrier. The balance between the interfacial energies and the energy barrier of the phase transition itself determines the size of the nucleated region. In some systems, the nucleation size will be limited to the grain size and large energy barriers will limit the growth process, described as athermal behavior. 17 In others the nucleation and growth mechanism will be influenced by thermal activation. 13, 14 For example, extensive studies of the athermal behavior of martensitic phase transitions have been carried out by acoustic emission, differential scanning calorimetry and optical microscopy. 18 It is a useful system to draw parallels with, as, like Gd 5 Ge 2 Si 2 , the structural phase transition occurs by a shearing mechanism. 3 The coupling of magnetic and structural phase transitions is a result of long-range interactions and as such will involve large energy barriers. Such large energy barriers inevitably result in athermal behavior as the kinetics of the phase transition are more likely to be influenced by changes in the energy landscape brought about by magnetic field or temperature. Dislocations, differences in stoichiometry, grain boundaries etc. also termed here as 'disorder' will act as nucleation centers and encourage metastable states in the macroscopic system by distributing the local onset fields across the bulk sample, resulting in avalanche type behavior.
The dynamics of the first order phase transition as observed by Hall probe imaging has been discussed previously by Perkins et al., with respect to nucleation rate, R N , and growth rate, R G . 16 Simple modeling showed that for R G >>R N the characteristic cluster size, L C , in a macroscopic system will be large. It was also shown that for R N larger than R G the characteristic lengthscale will decrease. Here we show results from a microscopic (100 μm) system. It was shown previously by Hall probe imaging that in the b-axis orientation the crystal exhibits preferred nucleation on the increasing field sweep only, due to inclusions of nanoplatelet second phase Gd 5 Si 1.5 Ge 1.5 that provides some strain release. The imaging demonstrated that there is an initial nucleation along the nanoplatelets, and from these nano-dimensional seeds the transition spreads through a growth dominated process over the rest of the crystal (with growth rate, R G ) resulting in a broad phase transition. On the field decrease the phase transition is not enabled by the nanoplatelets and instead it occurs by large areas of the order of 0.1 x 0.1 mm dimension, switching sharply from the FM to the PM phase. In decreasing fields therefore we can consider the transition as nucleation dominated (where each of the large areas are effectively a macroscopic nucleation site) and there is no evidence of growth of the PM phase from the FM phase within the timescales of the image taking process. Hence R G is affected in this system by the introduction of nucleation centers, facilitated by the nanoplatelets of Gd 5 Si 1.5 Ge 1.5 on the field increase sweep. Notice that the change in heat capacity is step-like; a typical feature of this system 19 and other first order phase transitions. The latent heat is also shown for field sweep up and down, where it might, on first inspection, appear asymmetric. Unlike previous latent heat measurements, where the magnitude of the latent heat spike could be added to give the total, ΔQ L , we argue here that the combination of the nucleation and growth mechanism requires different treatment. Note that due to experimental constraints of these microgram samples at high temperatures there can be significant error in the absolute heat capacity. The relative changes, on the other hand are accurate to within 1% and for this reason we show the sample heat capacity, C est , as estimated by fitting C(H=0) to bulk measurements. The manifestation of the latent heat can follow one of three cases in this measurement, as depicted in figure 2 , where ξ is defined here as the correlation length, equivalent to the characteristic cluster length, L C , as described in reference [16] . If ξ is of the order of the fragment measured, i.e. 100 μm, the observed latent heat will be a large jump in V th , which then decays exponentially with a thermal time constant τ th ~1s. figure 1 . For ξ<100 μm, cases 2&3: it will be seen that one is nucleation dominated (case 2) and the other is growth dominated (case 3) as explained further in the text.
RESULTS AND DISCUSSION
If ξ is < 100 μm there are two processes that can be observed in the latent heat measurement, which is dependent on the relative magnitude R G /R N . In case 2 the first order phase transition is nucleation dominated (R G <R N ), i.e. the energy barrier is large enough that nucleation of distinct separate sites occurs with little or no growth of the FM phase. In case 3 (R G >R N ), there is significant growth of the FM phase about nucleated sites. As individual latent heat spikes can no longer be identified the total ΔQ L can only be assessed by integration of the total V th as described by equation 5,
where τ H is a time constant determined by the field sweep rate used for the measurement and the thermal time constant τ th . Figure 3 (a)&(b) shows a close-up of the latent heat data at 285K demonstrating the impact of the growth dominated process. For the field increase there is a more distributed latent heat response with respect to field, i.e. a bump like feature (b) rather than sharp (a) peaks. The plates which seed the FM phase transition on the increasing field sweep are of the order of 0.2 μm thick, so it is reasonable to assume that a few platelets cross the small sample volume. After the FM phase has been seeded on these nanoplatelets growth of the FM phase will continue. Notice the similarities of this broad general behavior observed to the avalanche type processes seen in martensitic transitions as discussed in reference [18] . . Notice three things. Firstly there is reasonable agreement between the literature values and ΔS Total estimated from microcalorimetry over most of the temperature range. Secondly, the entropy contribution from latent heat is approximately 50% of the total entropy change, which is comparable to the contribution estimated from the structural component of 40-60%. 4, 6 Lastly, as the temperature is increased (and the critical field, H c increases) there is only a small change in ΔS LH , i.e. the field and temperature accessible here does not significantly broaden the transition (or decouple the magnetic and structural components).
CONCLUSIONS
The different manifestations of latent heat in single crystal Gd 5 Si 2 Ge 2 have been observed and correlated to Hall imaging reported previously. It was shown that in this system the impact of nanoplatelet inclusion is a lowering of the critical field that promotes the growth process of the first order phase transition. An increase in the growth process manifests as a broader latent heat response with respect to magnetic field. The total latent heat is determined by integrating the signal with respect to the field change direction and the difference between the two was shown to be comparable within error. It is also encouraging that the total entropy change from microcalorimetry compares well to values found in the literature. The latent heat observed in a 50x100x100 μm fragment suggests a correlation length of approximately 20 μm, similar to the lengthscale suggested by Hall imaging.
